The effect of macrocycle size on the association of supramolecular amphiphiles composed of 4-sulfonatocalix[n]arene and 1-methyl-3-tetradecylimidazolium (C 14 mim + ) was studied in aqueous solutions at pH 7. When the cavitand contained four sulfonatophenol units (SCX4), spherical nanoparticle (NP) formation was observed. In contrast, both supramolecular micelle (SM) and NP formation could be attained in the presence of NaCl when the larger, more flexible 4-sulfonatocalix[8]arene (SCX8) served as host compound. The SCX8-promoted self-assembly into SM was enthalpically more favorable than NP production but the molar heat capacity changes in the two processes barely differed. Addition of 50 mM NaCl significantly increased the enthalpy of C 14 mim + −SCX8 NP formation making thereby the self-organization into SM more favorable. The transformation of SM into NP at high temperature was due to the substantial entropic contribution to the driving force of NP formation. The critical micelle concentration and the local polarity in the headgroup domain were considerably lower for SM compared to those of C 14 mim + Br  conventional micelle.
INTRODUCTION
Complex formation between macrocyclic compounds and surfactants leads to supramolecular amphiphiles, which can associate into various types of nanostructures. [1] [2] [3] [4] [5] [6] Due to the noncovalent binding of the constituents, such associates can be easily prepared with tailor-made properties and stimuli-responsive behavior. 7 Because of their -electron-rich cavity and negative charge, 4-sulfonatocalix[n]arenes (SCXn) are particularly useful building blocks for fabrication of versatile self-assembled systems and functional materials. [8] [9] [10] For example, they induced the aggregation of tetraphenylethene derivatives to strongly fluorescent nanoassemblies 11 and their emission properties could be tuned by irradiation with UV light. 12 The binding to SCXn facilitates the aggregation of aromatic or amphiphilic molecules. [13] [14] [15] [16] [17] The interaction of the macrocycle homologue comprised of four sulfonatophenol units (SCX4) with a natural cationic protein, protamine resulted in supramolecular vesicle which disintegrated in a controlled manner upon addition of trypsine. 18 Enzyme-induced cleavage of vesicles fabricated from SCX4 and myristoylcholine was employed to the release of entrapped drugs. 19 Supramolecular vesicle constructed from (dodecyloxybenzyl)-tripropargylammonium and SCX4 was stabilized by crosslinking with a click reaction. 20 Serine-based cationic surfactant produced particles of various morphologies upon gradual increase of SCX4 concentration. 21 The interaction of this cavitand with chitosan resulted in multistimuli-responsive supramolecular polymeric vesicles which could encapsulate doxorubicine hydrochloride. 22 High drug loading efficiency was achieved by SCX4-promoted self-organization of antipsychotics, chlorpromazine into nanoparticle. 23 The inclusion complex of the same cavitand with tetradecyltrimethylammonium bromide formed unilamellar vesicle after sonication. 24 In contrast, supramolecular micelles were spontaneously produced in the solution of dodecyltrimethylammonium (C 12 TAB) bromide and hexamethylated 4-sulfonatocalix [6] arene (SC6HM). 25 The size and composition of 4 supramolecular micelles barely altered upon increase of surfactant concentration up to the critical micelle concentration (cmc) of the free C 12 TAB. Above cmc, C 12 TAB and supramolecular micelles were rapidly merged. 26 1-Alkyl-3-methylimidazolium (C n mim + ) produced host-guest complexes with SCXn in enthalpy driven reactions. [27] [28] [29] When the alkyl group contained n = 12, 14 or 16 carbon atoms, (C n mim + ) m SCX6 complexes self-assembled to spherical nanoparticles (NPs) of multilayered structure. 30 NPs composed of C 14 mim + and SCX6 constituents showed stimuliresponsive behavior. They reversibly transformed to supramolecular micelles (SM) in the presence of NaCl when temperature, mixing ratio of the components, or NaCl concentration were altered. 31 The present paper focuses on the fundamental question how the variation of the macrocycle size influences the organization of C 14 mim + and SCXn (Scheme 1) into nanostructures under various experimental conditions. We reveal whether stimuli-responsive NP-SM transition can be achieved with SCX4 and SCX8 cavitands and uncover the major factors affecting the thermodynamics of association processes.
Scheme 1.
Chemical structure of the studied compounds (SCXn with n = 4, 8)
EXPERIMENTAL SECTION
Materials. 1-Methyl-3-tetradecyl-imidazolium bromide (C 14 mim + Br  ) was prepared as described previously. 32 were prepared. NPs were synthesized by mixing the appropriate amounts of these solutions under stirring at 150 rpm at 25°C. SCXn concentration was 0.1 mM unless otherwise noted.
Ionic strength was tuned by addition of small volume (<50 l) of concentrated NaCl solution.
Usage of fluorescent probe. 23 nmol HONR in methanol was put into 5 ml flask and the solvent was evaporated by nitrogen flow. After adding the supramolecular surfactant solution, the sample was kept for 2 days in the dark for equilibration. Total carbon analyses were carried out on a Shimadzu TOC-L CSN instrument, which was calibrated by a potassium hydrogen phthalate solution in ultrapure water (2.125 g dm −3 corresponding to 1000 mgC dm −3 ). ITC measurements were executed with a MicroCal VP-ITC microcalorimeter. 10 l of ~5 mM methylimidazolium surfactant solutions were injected 6 from the computer controlled microsyringe into the cell (volume = 1.4569 ml) containing 0.1 mM SCXn solution at pH 7, while stirring at 450 rpm. Cryo-TEM images were taken on an Ultrascan 2 k CCD camera (Gatan, USA), using a LaB 6 JEOL JEM 2100 (JEOL, Japan) cryo-microscope operating at 200 kV with a JEOL low dose system (Minimum Dose System, MDS) to protect the thin ice film from any irradiation before imaging and to reduce the irradiation during the image capture. The images were taken at 93 K and digitally corrected using the ImageJ software. The samples were prepared as described. sulfonate groups were deprotonated but also one phenolic OH substituent of SCX4 7 dissociated due to its pK a = 3.2 value. 34 Hence, SCX4 had 5 negative charges at pH 7. From the difference between the total concentrations and the concentrations in the aqueous phase after ultracentrifugation of the NPs, the stoichiometry of the components in NPs was determined. 30 C 14 mim + :SCX4 molar ratio in NPs was found to be 4.6 ± 0.4 for a mixing ratio of 2.5. NPs had negative charge and the zeta potential was around 37 ± 3 mV for mixing ratio varying between 2 and 4. respectively. 31 In the case of the smaller SCX4 cavitand, neither NaCl addition nor temperature variation could induce the transformation of NP into SM. This may suggests that the driving force of NP production is always more favorable than that of association to SM.
As a representative example, Figure the third phenolic OH also starts deprotonation due to pK a = 8.3 value of this process. 34 From the difference between the total concentration and aqueous phase concentration after ultracentrifugation of the NPs, a value of 9.5 ± 0.5 was obtained for the C 14 mim + SCX8
stoichiometry of the components in NPs formed from solutions at 3.9, 5.8, and 6.8 mixing ratios. Despite the rise of the relative amount of C 14 mim + added to SCX8 solution, the molar ratio of the constituents in the produced NPs remains constant within the limits of experimental errors. NPs had negative charge as indicated by the zeta potential () of 48 ± 4 mV, which did not vary within the mixing ratio range of the components used in our studies. In contrast, successive NaCl addition exerted remarkable effect on particle size as displayed in Figure 4 . NP dimensions barely changed with NaCl concentration in 6.8 < 0.72 mM in 50 mM NaCl aqueous solution. The latter value was determined by isothermal calorimetric titrations as described by Blume and coworkers. 35 The diameter of SM was 5. Similar enthalpograms are measured in the presence of 50 mM NaCl ( Figure 5A ). NPs are produced in a slightly endothermic process at 278 K, whereas association to NP is accompanied by heat evolution above 278 K. Figure 6A between H and temperature (T) whose slopes give the molar heat capacity changes (ΔC p ).
The isoenthalpic temperatures (T ie ), where association takes place without enthalpy change, were calculated as a ratio of the intercept and ΔC p values. As seen in Table 1 and Figure 6A , the intercepts of H vs T plots for C 14 mim + −SCX4 NP formation are slightly reduced, whereas ΔC p values becomes somewhat less negative upon addition of 50 mM NaCl concentration. Consequently, association into NP becomes exothermic at lower temperature in NaCl solution than in water. closely resemble that obtained with SCX4 ( Figure S2 ) indicating NP formation without transformation to SM. The only remarkable difference is that H increase due to coagulation starts at higher methylimidazolium surfactant/calixarene ratio, as also observed by DLS experiments (vide supra). In the presence of NaCl, ITC experiments confirm the conversion of SM into NP upon further addition of methylimidazolium surfactant. Figure 5B presents the results in 50 mM NaCl solutions. Surprisingly, the C 14 mim + :SCX8 molar ratio at which SM−NP transition occurs scarcely alters upon the elevation of temperature. This suggests that the thermodynamic parameters of the self-assembly to SM and NP have similar temperature dependence. Figure 6B displays the variation of H values upon rise of temperature, whereas the molar heat capacity changes C p ) derived from the slopes are summarized in Table 1 .
The isoenthalpic temperature (T ie ), where association takes place without enthalpy change (H=0) is also included. T ie of SCX6-induced SM formation is below of the freezing point of the solution implying that this process is always exothermic. In contrast, C 14 mim + −SCX8 SM is produced in an entropy-driven process below 278 K. Addition of 50 mM NaCl lowers T ie for C 14 mim + −SCX4 NPs, but exerts opposite effect when SCX4 is replaced by more spacious homologues. In water, T ie of NP formation slightly increases with the macrocycle size. In 50 mM NaCl solution, SM formation always leads to lower H than self-organization into NP. 
DISCUSSION
The variation of macrocycle size brings about essential differences in the SCXn-induced selfassembly of C 14 mim + . The small SCX4 cavitand induces only NP formation, whereas association of C 14 mim + −SCX8 supramolecular amphiphiles can result in both NP and SM depending on the experimental conditions. Since the macrocycle is located in the headgroup of C 14 mim + −SCXn type of supramolecular surfactants, the replacement of SCX8 with SCX4
renders the assembly into SM less favorable due partly to steric reason. n-sided polygon is given as follows:
On the basis of eq 1, the area ratio for a regular octagon and a square is In the presence of NaCl, SMs containing SCX8 becomes enthalpically more stable than NPs at all temperatures ( Figure 6 ). H of SM formation is much smaller than that of enthalpy gain is observed compared with the SCX8-promoted association into SM. In the latter case, more polar headgroup region was detected (vide supra) indicating less tightly packed SM. The substantial flexibility of SCX8 may contribute to the looser SM structure and the low exothermicity of its formation.
The negative molar heat capacity changes for C 14 mim + micelles and SMs (Table 1) generally arise from the release of water from the hydrophobic surface of the alkyl tail. The
C p values for the SCX4-and SCX8-initiated associations into SM and NP hardly vary ( Figure 6B ) hinders thermally induced interconversion between SM and NP. The increase of the entropy contribution (TS) to the driving force with temperature is responsible for thermally initiated SM→NP structural change. This behavior is entirely different from that of C 14 mim + −SCX6 associates whose temperature-tuneable reversible transformation between SM and NP is promoted by the steeper H temperature dependence of NP formation in NaCl solutions compared to that of SM. 31 The major peculiarity of C 14 mim + −SCX6 NPs is the substantial growth of their C p with NaCl concentration, which 21 probably originates from the growth of particle diameter upon gradual addition of salt. In contrast, the size of NPs encompassing SCX4 or SCX8 is insensitive to NaCl concentration, and thus NaCl barely influences their C p values.
CONCLUSIONS
The 
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